The atomic view of the active site coupling termed channelling is a major subject in molecular biology. We have determined two distinct crystal structures of the bacterial multienzyme complex that catalyzes the last three sequential reactions in the fatty acid b-oxidation cycle. The a 2 b 2 heterotetrameric structure shows the uneven ring architecture, where all the catalytic centers of 2-enoyl-CoA hydratase (ECH), L-3-hydroxyacyl-CoA dehydrogenase (HACD) and 3-ketoacyl-CoA thiolase (KACT) face a large inner solvent region. The substrate, anchored through the 3 0 -phosphate ADP moiety, allows the fatty acid tail to pivot from the ECH to HACD active sites, and finally to the KACT active site. Coupling with striking domain rearrangements, the incorporation of the tail into the KACT cavity and the relocation of 3 0 -phosphate ADP bring the reactive C2-C3 bond to the correct position for cleavage. The ahelical linker specific for the multienzyme contributes to the pivoting center formation and the substrate transfer through its deformation. This channelling mechanism could be applied to other b-oxidation multienzymes, as revealed from the homology model of the human mitochondrial trifunctional enzyme complex.
Introduction
Recent biochemical studies suggest that many enzymes are organized into multifunctional enzyme complexes in the cytoplasm or subcellular organelles. In these biomolecular assemblies, sequential catalytic reactions proceed through the transfer of the intermediates between individual component enzymes, without diffusion into the bulk aqueous medium. This reaction mode, termed the channelling mechanism, appears to be employed in various cellular processes. In fact, some gentle techniques for cell disruption show that many enzymes are assumed to form complex organizations, such as those involved in glycolysis and the citrate and urea cycles, highlighting the critical roles of the channelling in their catalytic reactions (Agius and Sherratt, 1997) . Despite its importance and universality in cellular mechanisms, a structural basis to account for this efficient enzymic mechanism has not been established yet, although the molecular system for the pyruvate dehydrogenase multienzyme complex with covalently bound intermediates has been investigated in considerable detail (Milne et al, 2002) . In particular, enzymes that participate in fatty acid metabolism, such as fatty acid synthesis and b-oxidation, tend to be assembled to confer kinetic advantages. Of all others, the molecular machinery for fatty acid b-oxidation is the subject of intense investigation, because this is an important catabolic process by which most organisms use fatty acids as energy and carbon sources. The sequential b-oxidation reactions shorten the saturated acyl-CoA by two carbons in each step to finally produce acetyl-CoA (Ac-CoA) ( Figure 1A ). The most obvious case for channelling is found in bacteria, such as Escherichia coli and Pseudomonas fragi (Pf) (Kunau et al, 1995) . The trifunctional enzyme (TFE) from mammalian mitochondria was also suggested to involve channelling, because of the absence of detectable b-oxidation intermediates (Kunau et al, 1995; Yao and Schulz, 1996; Liang et al, 2001) , although inconsistent cases were also reported (Eaton et al, 1999) . Defects of mitochondrial fatty acid b-oxidation lead to several well-known metabolic disorders, such as Reye syndrome, cardiomyopathy and sudden infant death syndrome (SIDS) (Roe and Ding, 2001 ). The maintenance of high levels of mitochondrial b-oxidation could reduce the excessive fat accumulation and storage leading to human obesity, and thus an understanding of the molecular mechanism of b-oxidation is important from a pharmacological viewpoint.
The fatty acid b-oxidation spiral involves four enzymic activities, acyl-CoA dehydrogenase (ACD), 2-enoyl-CoA hydratase (ECH), L-3-hydroxyacyl-CoA dehydrogenase (HACD) and 3-ketoacyl-CoA thiolase (KACT) (Kim and Battaile, 2002) ( Figure 1A ). The bacterial and mitochondrial fatty acid b-oxidation multienzyme complexes predominantly exhibit the last three of these four enzymic activities. This bacterial fatty acid b-oxidation multienzyme (FOM) complex is composed of two a-and two b-subunits, which form a heterotetrameric a 2 b 2 structure. Genetic and biochemical analyses revealed that the ECH and HACD activities reside within the a-subunit, whereas the KACT activity is harbored by the bsubunit (Binstock et al, 1977; DiRusso, 1990; Nakahigashi and Inokuchi, 1990; He Yang et al, 1991; Sato et al, 1992) . In particular, the PfFOM complex, designated as HDT, was biochemically well characterized (Imamura et al, 1990) . We successfully crystallized this complex purified from an E. coli overexpression system (Ishikawa et al, 1997) .
Here, we report two atomic structures, which provide detailed insights into the substrate recognition and the catalytic mechanism. The three-dimensional structural view of the entire multienzyme allows us to describe the mechanistic details of the channelling mode for b-oxidation. The homology model building based on this complex structure also revealed notable structural features of the human mitochondrial TFE, which is directly linked to serious inherited metabolic disorders.
Results and discussion

Architecture of the multienzyme complex
The crystal of the PfFOM complex exhibits remarkable polymorphism, which appears to be ascribed to its unsteady domain assembly. The addition of a fatty acid tail analog, n-octylpentaoxyethylene (C 8 E 5 ), was essential to improve the diffraction quality and stability of the crystals, implying that the binding of this ligand may have reinforced the fragile architecture that is inevitable for multienzymes. We determined two crystal structures, designated as Form I and II (Table I) . The final models of both structures comprise all of the residues of the intact complex molecule, except for an unstructured segment of the a-chain and also contain three ligand molecules bound to different sites. Both crystal forms contain one intact FOM complex molecule with the heterotetrameric a 2 b 2 subunit structure in the asymmetric unit. The Form I crystal structure possesses a noncrystallographic twofold axis shared by both a 2 and b 2 homodimers, in agreement 
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Acyl-CoA The subunit and domain organization of FOM compared with those of the hTFE complex, and the four monofunctional enzymes, rECH, hHACD, yKACT and zAACT. In the a-subunit, the N-terminal domain is shown in brown, the a-helical linker is yellow-green, the middle is green and the C-terminus is cyan, with the b-subunit colored purple. The same color code is applied for all subsequent diagrams. Conserved catalytic residues are labelled using the single-letter code. (C) Symmetric Form I structure. Each subunit is distinguished by dark (a1 and b1) and light coloring (a2 and b2). Three ligands, NAD þ (dark blue), C 8 E 5 (magenta) and Ac-CoA (red), are bound to each active site of the enzyme components. (D) Asymmetric Form II structure. The conversion of Form I to II is accompanied by large translations, as indicated by the bold arrows with lengths. It also generates the large difference (24 and 37 Å ) in cleft sizes (top view).
with the previous electron microscopic analysis (Ishikawa et al, 1997) (Figure 1C ). However, Form II exhibits a strikingly deformed architecture, where the two-fold axis of the a 2 homodimer moves 5 Å away from the b 2 homodimer. Simultaneously, the upper half of the a 2 dimer approaches the b 2 dimer by 9 Å along the two-fold axis. As a result, 10 Å rigid-body movement of the upper half takes place between Form I and II. In spite of this large movement, all of the functional domains retain essentially the same conformation ( Figure 1D ).
The individual component enzymes of the FOM complex share 30-40% amino-acid identities with the corresponding monofunctional enzymes from various sources. In addition to the structural similarity between the two types of each enzyme component, the positions of three ligands, Ac-CoA, nicotinamide adenine dinucleotide (NAD þ ) and a substrate mimic, C 8 E 5 , allow us to describe clear three-dimensional structural views of the fatty acid b-oxidation complex, including the domain organization and the catalytic sites of the individual component enzymes. In Form I, the intact complex structure reveals the uneven ring architecture, where the saddle-shaped a 2 dimeric subunits (designated as a1-and a2-chains) are spirally mounted on the tightly connected b 2 dimeric subunits (b1-and b2-chains) lying at the bottom of the ring ( Figure 1C) . The a-subunit, which bears the ECH and HACD activities, is structurally divided into the NH 2 (N)-terminal, middle and COOH (C)-terminal domains ( Figure 1B) . A long a-helix (residues 284-309) in the a-subunit connects the N-terminal ECH domain with the HACD region, which is composed of the middle NAD þ -binding and C-terminal domains. The bsubunit with the KACT activity comprises two compact core domains and a loop domain, as found in the crystal structures of the monofunctional degradative thiolase from Saccharomyces cerevisiae (yKACT) (Mathieu et al, 1994 (Mathieu et al, , 1997 and the biosynthetic thiolase from Zoogloea ramigera (zAACT) Wierenga, 1999, 2000) . The three component enzymes in the complex retain essentially the same architectures as those in the crystal structures of the monofunctional enzymes (Engel et al, 1996; Modis and Wierenga, 1999; Barycki et al, 2000) . One major interface in the complex resides in the middle NAD þ -binding domain of HACD, which occupies most of the saddle. A helix-turn-helix unit of the middle domain forms a four-helix bundle structure, through a mixture of polar and hydrophobic interactions, to stabilize the a 2 dimer. The twofold axis runs through the four-helix bundle across the large solvent region at the complex center and toward the extensive Atomic structure of b-oxidation multienzyme M Ishikawa et al interface of the b 2 dimer. Consequently, the two ECH domains occupy the farthest positions from the two-fold axis and lack direct contact with each other. The contact between the KACT b-subunits is contributed by plenty of polar and hydrophobic interactions, including an inter-subunit b-sheet, as found in the crystal structures of the degradative (Mathieu et al, 1994) and biosynthetic thiolases (Modis and Wierenga, 1999) . In contrast to these two interfaces contributed by secondary structures, the contacts between the a-and b-subunits, unique to this multienzyme complex, appear to be loose and to play a versatile role in the maintenance of the complex. The a-helical end and the loop of the ECH domain in the a-subunits separately interact with the distinct protruded loops of the individual KACT subunits, and thus the dimeric KACT subunits jointly anchor a single a-subunit. The buried surface areas were calculated to be 3200 Å 2 for the a 2 dimer, 3800 Å 2 for the b 2 dimer and 4200 Å 2 in total for the a-b contact, respectively, which are all statistically defined as 'large interfaces' (Conte et al, 1999) .
The internal architectures of all of the domains are essentially identical between Form I and II. On the other hand, the arrangements of the middle and C-terminal domains, constituting HACD, remarkably differ between the two forms ( Figures 1C and D) , whereas the domain arrangements of the KACT b-subunit are unchanged. Intriguingly, these domain rearrangements appear to be coupled with the conformational change of the multienzyme-specific a-helical linker between ECH and HACD. Notably, this long a-helix is partly disrupted upon the conversion from Form I to II. Consequently, in Form II, the tip of the four-helical bundle of HACD shifts toward the b 2 dimer by a 10 Å translation ( Figure 1D ). This a-helical deformation appears to be connected with the dissociation of two C 8 E 5 molecules: in Form I ( Figure 1C ), the multienzyme contains four C 8 E 5 molecules, two of which are equivalently bound to each HACD substratebinding site of the a-subunits related by two-fold symmetry. By contrast, in the ECH domain, two C 8 E 5 molecules occupy the inner and outer halves of the long hydrophobic tunnel, respectively ( Figure 2A ). On the other hand, in Form II ( Figure 1D ), neither the ECH nor HACD active sites in one a-subunit bind C 8 E 5 molecules, whereas their active sites in the other a-subunit are fully occupied by the ligands. This implies a strong link between the deformed structure of Form II and the asymmetric ligand binding. Taken together, the linker a-helix in the multienzyme appears to play a key role in the positional relationships between the catalytic centers, through its conformational change. Thus, the dynamic domain behavior through the versatile linker could account for the coordinated catalytic mechanism of b-oxidation. This notion is compatible with the finding that the addition of C 8 E 5 substantially reduces the combined specific activity of ECH and HACD in the a-subunit, presumably because it prevents the domain rearrangement.
It should also be noted that the complex structure in Form I generates the large and irregular solvent regions with rough dimensions of 65 Å Â 35 Å Â 30 Å . All of the catalytic sites of the three enzyme components face this inner solvent region and occupy positions nearest to each other. This overall feature is reminiscent of the morphology proposed for the mammalian fatty acid synthases, aside from the differences in the molecular symmetry and the arrangements of enzymic components (Smith, 1994; Brink et al, 2002 ).
2-Enoyl-CoA hydratase
The N-terminal ECH domain (residues 1-283) in the a-subunit ( Figure 1B ) is essentially identical to the hexameric ECH from rat liver mitochondria (rECH) with a root mean square deviation (r.m.s.d.) value of 1.7 Å (Figure 3A) , except for the KACT Figure 2 Active sites of three FOM components. Stereo diagrams show catalytic and hydrophobic residues around ligands in Form I. (A) Two C 8 E 5 molecules bound to each ECH of the dimer (a1 and a2) in different modes, 'inside' (clear gray) and 'outside' (faint gray). The alkyl groups of two C 8 E 5 molecules are trapped with hydrophobic residues. Some parts of main chains (light brown) represent identical portions to rECH (Engel et al, 1996) . (B) Ac-CoA and NAD þ molecules bound to HACD in the Native3 crystal. The acetyl group of Ac-CoA points into the hydrophobic tunnel. (C) Ac-CoA molecules bound to the two KACT subunits. In Form II, the interaction of Arg369 with Val134 causes the 1 Å elevation (arrow) of the loop containing Val134 and Pro136 (cyan), and the subsequent rotation of the Trp70:b2 side chain (cyan). C-terminal region (residues 208-283) corresponding to the T2 subdomain of rECH (Engel et al, 1996) . Although both of the C-terminal T2 subdomains from the monofunctional rECH and the ECH component fold into the all-a structure, their arrangements relative to the common major core, comprising the spiral fold and the T1 domain (Engel et al, 1996) , are remarkably different from each other. The ECH component also possesses the additional five-turn a-helix, the C-terminus of which is connected directly to the multienzyme-specific a-helical linker.
In the hydrophobic catalytic pocket, the carboxyl side chains of two glutamates, Glu120 and Glu140, and the H 2 O molecule that participate in hydration of substrates adopt the same configuration as those observed in the crystal structures of rECH complexed with acetoacetyl-CoA (AcAc-CoA) ( Figure 3A ) (Engel et al, 1996) , octanoyl-CoA (Engel et al, 1998 ) and 4-(N,N-dimethylamino)cinnamoyl-CoA (Bahnson et al, 2002) , suggesting that the catalytic mechanism is identical between the monofunctional and multifunctional enzymes. In Form I, the substrate analogs, C 8 E 5 , were bound to different sites within each ECH domain of the two asubunits. In one a-subunit, a C 8 E 5 molecule is accommodated within the inner half of the elongated tunnel from the 'inside' of the central solvent region (Figure 2A) . The recognition mode of this ligand appears to mimic the substrate binding in the monofunctional rECH, as revealed from the good agreement in the two structures superimposed between the ligand molecule and the pantetheine part of the AcAc-CoA molecule (Figures 2A and 3A) . By contrast, the same ligand, bound to the other subunit, appears to approach the ECH active site from the 'outside' of the complex (Figure 2A) . The combination of these two structural features for ligand binding reveals the entire tunnel for a longer fatty acid tail (C16) of about 20 Å long, which can be fully incorporated in the ECH component. The tail is trapped by van der Waals interactions with hydrophobic residues, such as Ala69, Phe74, Phe78, Phe149 and Phe278, which constitute the wall of the tunnel extended from the active site (Figures 2A and 3D) . The polar moiety of C 8 E 5 lies outside of ECH, and weakly interacts with some side chains on the linker a-helix (Figure 2A (Engel et al, 1996) and Ala69 of ECH (arrow). (B) Two catalytic residues and L-3-hydroxybutyryl-CoA bound to hHACD (Barycki et al, 2000) . The NAD þ -binding site is vacant in the hHACD structure (dotted line). The arrow denotes the extension of an alkyl chain. (C) Three catalytic residues and the CoA bound to monofunctional zAACT (Modis and Wierenga, 1999) Figure 2C . The long alkyl group of the substrate is encompassed by the hydrophobic residues (dashed oval).
other hand, we could not reasonably allocate the binding pocket for the 3 0 -phosphate ADP moiety by analogy with the monofunctional rECH complex with the ligands, AcAc-CoA (Engel et al, 1996) and octanoyl-CoA (Engel et al, 1998) , because of the steric clash of its adenine base with the Nterminus of an a-helix of the ECH domain ( Figure 3A ).
L-3-Hydroxyacyl-CoA dehydrogenase
The HACD component (residues 314-715) is divided into the NAD þ -binding domain (residues 314-497) and the C-terminal domain (residues 498-715) ( Figure 1B) . The NAD þ domain structure in the multienzyme is almost identical to that of the monofunctional human HACD (hHACD) with a 1.2 Å r.m.s.d. value (Barycki et al, 2000) ( Figure 3B ). Despite the absence of a repeated sequence, the C-terminal polypeptide of HACD folds into the all-a architecture, where the two halves are related by the internal pseudo-two-fold symmetry. By contrast, the corresponding region in the monofunctional human (Barycki et al, 1999b (Barycki et al, , 2000 (Barycki et al, , 2001 ) and pig HACD (Barycki et al, 1999a) consists of the two individual Cterminal segments, each of which constitutes half of the Cterminal domain structure in the HACD component. These two small all-a lobes contribute to forming the pig and human HACD homodimers with an exact two-fold symmetry. Interestingly, in the HACD component, the extra 10-residue segment, inserted between the two halves, constitutes the disordered loop ( Figures 1C and D, dotted line) , which extends toward the catalytic site of KACT. This difference in the C-terminal domain organization generates the apparently distinct architectures between the two types of HACD, whereas their internal structures are identical with a 1.7 Å r.m.s.d. value ( Figure 3B ). In particular, the two prominent helix-turn-helix structures, lying most distantly in the monofunctional HACD dimer, form the tight dimer interface connecting the two a-subunits in Pf HACD. NAD þ is bound to the typical a/b dinucleotide fold of the middle domain in the same mode as that in the monofunctional HACD, whereas the substrate is recognized in a different manner ( Figures 2B and 3B ). In the Native3 crystal (Table I) , the substrate analog, Ac-CoA, is bound to the asubunit at a sufficient occupancy to exhibit its environments (Supplementary data 1). The active site structure is well conserved between PfFOM and the monofunctional hHACD (Barycki et al, 1999b (Barycki et al, , 2000 (Barycki et al, , 2001 ): His451 and Glu463 in FOM take the same configuration as those in hHACD. Likewise, NAD þ , and acetyl and b-mercaptoethylamine moieties of AcCoA essentially lie at the same positions between the two enzymes. On the other hand, the 3 0 -phosphate ADP moiety in PfFOM occupies a different position from that in hHACD. The adenine base is accommodated into a hydrophobic pocket formed by Lys142 and Tyr249 in ECH, Leu290 in the a-helical linker and Leu666 in HACD. The hydrophobic character of the pocket is conserved among the multifunctional enzymes (Supplementary data 2) . Interestingly, the adenine-binding pocket lies at a position for substrates to contact not only HACD ( Figure 3E ) but also ECH ( Figure 3D ). Thus, we assume that this nucleotide-binding pocket could play the role as a pivoting center in transferring the pantetheine and acyl moieties from one active site to another during b-oxidation. Meanwhile, the 3 0 -phosphate moiety is located near some polar residues of the a-helical linker and HACD. In addition, the methyl group of Ac-CoA accesses the hydrophobic tunnel, consisting of Phe505, Phe508, Met541, Arg553 and Ile572 ( Figure 2B ). Longer fatty acyl chains appear more favorable for accommodation into this hydrophobic tunnel ( Figure 3E ). It should be noted that in Form I the C 8 E 5 molecule can partly occupy the same position as Ac-CoA in the Native3 crystal, and its occupancy appears to vary from crystal to crystal.
The structural feature of Ac-CoA binding is consistent with the results from mutational analyses using spectrophotometric assay (Ishikawa et al, 1997) : The double mutant, L290D/L293D, where both Leu290 and Leu293 were replaced by Asp, reduced the combined specific activity of ECH and HACD to about 14% that of the wild-type activity. On the other hand, two mutants, F294A and K142A, did not show significant reduction of the activity. These results suggest that the introduction of negative charges into the hydrophobic pocket seriously affects the substrate binding. Furthermore, the substrate binding can be retained, as far as the hydrophobic property of the pocket is not impaired.
3-Ketoacyl-CoA thiolase
The entire architecture of KACT, including the two core domains and a loop domain, is essentially identical to those of the monofunctional degradative (Mathieu et al, 1994 (Mathieu et al, , 1997 and biosynthetic thiolases Wierenga, 1999, 2000) , with 1.2 Å r.m.s.d. values ( Figure 3C ). The conformational conservation of KACT, spanning the three domains, is remarkable in comparison with those in the ECH and the HACD components. Instead of AcAc-CoA added for co-crystallization, only Ac-CoA was observed in its active site ( Figures 1C, D and 2C ), suggesting that AcAcCoA was converted to Ac-CoA through a thiolase reaction during co-crystallization. On the other hand, the cleaved acetyl group, which is expected to be covalently bound to Cys95, as found in the biosynthetic thiolase (Modis and Wierenga, 1999) , appears to be hydrolytically decomposed. The conformational view of the KACT active center, including the CoA moiety and the three catalytic residues, Cys95, His347 and Cys377, is identical to that of the monofunctional enzyme ( Figure 3C ) Wierenga, 1999, 2000) .
Previous biochemical data demonstrate that the thiolase reaction for long fatty acyl chains requires the a-subunits (Sato et al, 1992; Ishikawa et al, 1997) . In fact, the conversion from Form I to II allows Arg369, at the tip of the four-helical bundle structure of HACD, to approach and form the intersubunit hydrogen bond between Arg369 side-chain and the main-chain carbonyl oxygen of Val134 of one b-subunit. As a result, the segment (residues 130-137), lying near the loop responsible for the substrate specificity in the monofunctional thiolases (Mathieu et al, 1994 (Mathieu et al, , 1997 Wierenga, 1999, 2000) , is raised by about 1.0 Å , and thereby causes a torsional rotation of the spatially adjacent Trp70 side chain in the counterpart of the KACT dimer ( Figures 2C and  4B ). The Trp70 side chain occupies the position that partitions the substrate-binding site into two portions for the CoA moiety and the acyl group ( Figure 3F) , and is located just behind the thiolytically cleaved C2-C3 bond of AcAc-CoA, as modelled by Mathieu et al (1997) . The aromatic side chain appears to serve as a door in guiding the long fatty acyl chains of substrates into the elongated hydrophobic cavity, with walls composed of Met75:b2, Leu94, Pro136, Met140, Lys146, Gly149, Met151, Phe349 and Leu380. The acyl chain incorporation would induce rearrangements of the CoA moiety, resulting in the correct positioning of the target bond for the catalytic residues ( Figures 3F and 4C ).
Channelling mechanism
The substantial separation of the ECH, HACD and KACT catalytic centers urged us to consider the large mobility of the substrates or products within the multienzymes during coordinated catalytic reactions. In particular, the order of the three sequential reaction steps in b-oxidation ( Figure 1A) , apparently, does not fit to the multienzyme architecture, where ECH intervenes between the HACD and KACT enzymes. The multienzyme structure also reveals that the binding pocket of the 3 0 -phosphate ADP moiety is shared by ECH and HACD, whereas the binding site of the 3 0 -phosphate ADP moiety in KACT is independent of that of the former two enzymes (Figures 4A and B, and Supplementary data 3) . In addition to these multienzymespecific positions of the CoA and acyl chain moieties, the rearrangements of the individual enzyme components, coupled with the conversion of Form I into II, allow us to propose a reasonable channelling scheme ( Figure 4C) , where 2-hexadecenoyl-CoA (C16) (2-enoyl-CoA) is a representative substrate for ECH. The sharing of the single binding pocket for the adenine base by ECH and HACD implies the substrateanchored diffusion mechanism, where L-3-hydroxyhexadecanoyl-CoA (L-3-hydroxyacyl-CoA), generated through ECH hydration, is transferred to the HACD active site to produce 3-ketohexadecanoyl-CoA (3-ketoacyl-CoA). It is likely that the long acyl groups can travel between the ECH and HACD catalytic centers through their dynamic behavior, while fixing the adenine moiety to the common binding pocket, and thus the C2 and C3 reactive carbons of an intermediate can transfer to the HACD catalytic centers, without diffusing into the solvent ( Figure 4A) .
Next, the C16 fatty acid tail pivots toward KACT, but at most only its end can reach the hydrophobic cavity with Trp70 ( Figures 4A and C3) . Therefore, the complete transfer of the HACD product to KACT requires a drastic conformational transition, as revealed by the Form I and II structural differences, so that the reactive C2-C3 bond of the substrate can be correctly positioned at the KACT active site. The conformational transition simultaneously weakens the binding of the adenine base and thereby detaches it from the binding pocket ( Figures 4B and C4 ). This notion is consistent with the finding that the adenine-binding pocket is deformed through rearrangements of HACD, ECH and the a-helical linker in Form II. In particular, the striking deformation of the linker may be coupled with the substrate transfer. Subsequently, the 3 0 -phosphate ADP moiety is transferred from the binding pocket in the a-subunit to the CoA-binding site in the KACT b-subunit, while keeping the long acyl chain moiety in the cavity ( Figure 4C4-5) . According to our model based on Form II ( Figure 4B ), it appears that the incorporation of sufficiently long acyl chains into the cavity is required to ensure the substrate transfer. However, it is possible that closer approach of the a-subunit to the b-subunit allows acyl chains to be firmly anchored during actual reaction. Then, KACT catalyzes the cleavage reaction of 3-ketohexadecanoylCoA to generate tetradecanoyl-CoA (acyl-CoA) and Ac-CoA. This channelling mode contrasts with that of fatty acid synthase (Smith, 1994) , the substrate of which is covalently bound to the acyl carrier protein. In the b-oxidation spiral, a failure in anchoring the acyl chains might lead to the leakage of fatty acid substrates, depending on their lengths. This notion is in good agreement with the 'leaky-hosepipe' model proposed for mitochondrial fatty acid b-oxidation (Stanley and Tubbs, 1975; Liang et al, 2001 ). The complete b-oxidation spiral requires the involvement of ACD, and thus it is intriguing to consider its direct interaction with FOM, given the high protein concentration within cells.
Human trifunctional enzyme model
The sequence similarity of human mitochondrial TFE to the PfFOM complex (33% identity and 53% similarity for asubunit, 38 and 59% for b-subunit) allowed us to construct its homology model (Figure 5 ), which contains residues 33-763 for the a-subunit and 48-474 for the b-subunit, aside from the three inserted segments (residues 226-236 in asubunit, 171-211 and 399-413 in b-subunit) ( Figure 1B) . The model is based on the a 2 b 2 subunit structure (Carpenter et al, 1992) rather than a 4 b 4 (Uchida et al, 1992) , because the latter may be modelled by dimerizing the former molecule. Each of the three dimer interfaces (a-a, b-b and a-b) in the model represents reasonable amino-acid interactions. In particular, the structural features of the interface between the a-and bsubunits, with Phe217 surrounded by several hydrophobic residues ( Figure 5A , inset), nicely explain how the mutation of Val282 to Asp in the a-subunit causes the TFE deficiency (Ibdah et al, 1998) .
The TFE model exhibits a biased distribution of positive charges ( Figure 5B ), whereas PfFOM shows a relatively uniform distribution. Notably, the basic residues, assembled around the central solvent region, are conserved among various TFE complexes. An unmodelled insertion (residues 171-211) with 10 basic residues coincidentally protrudes into the central solvent region (Figure 5A ), although its functional significance remains unclear. The cluster of basic residues may contribute to localizing TFE on the inner mitochondrial membrane, through electrostatic interactions with the negative charges on the lipid bilayer. The positive charges may also function to electrostatically attract ACD by interacting with the putative negative patches.
Conclusions
The distinct atomic structures of the b-oxidation multienzyme complex revealed by this crystallographic study appear to reflect two scenes among various architectures. Depending on this conformational versatility inherent in bacterial and mitochondrial b-oxidation multienzymes, the functional domains are competently rearranged to accomplish the smooth transfer of substrates and products between different active sites. A similar architectural transformation coupled with substrate transfer could be employed by multienzymes in other metabolic systems, such as the tricarboxylic acid cycle, the urea cycle and glycolytic pathway, which proceed via efficient and sequential catalytic reactions, without complete equilibrium with the intermediate pool in the surrounding media.
Materials and methods
Crystallization, structure determination and refinement Wild-type and mutant S40C:b (Ser40 to Cys on the b-subunit) were overproduced and purified, according to a slightly modified version of the previous procedure (Ishikawa et al, 1997) . The selenomethionine-substituted protein was prepared by the addition of seleno-DL-methionine to methionine assay medium (DIFCO). Before crystallization, the FOM protein was dialyzed against a solution containing 10 mM PIPES (pH 6.5), 0.6% (w/v) C 8 E 5 and 3 mM DTT. The crystallization solution contained 5-10 mg/ml protein, 82 mM MES (pH 5.5), 1 mM NAD þ , 0.1 mM AcAc-CoA and 3.5% PEG 4000. Drops, equilibrated against a reservoir with higher salt and 
